Background Inflammatory bowel disease (IBD) and resultant colitis occurring prior to puberty are frequently associated with delayed puberty and losses of growth and bone mineralization. Some of this delay may be due to colonic inflammation and associated systemic inflammation. To date no treatments for IBD have been shown to normalize the timing of puberty. Our objective in this study was to determine whether there is a normalization of the timing of puberty during treatment of colitis using monoclonal antibodies (abs) to tumor necrosis factor (TNF)-a. Methods We induced colitis in 23-day-old C57Bl6 female mice using 3% dextran sodium sulfate (DSS) for 7 days, followed by removal of DSS for an additional 3 days, resulting in 10 days of worsening colitis. DSStreated mice received either TNF-a ab or Control ab on days 4 and 8 of colitis, while non-colitic Control mice received injections of TNF-a ab (Control ? TNF-a ab). All groups were followed for the timing of vaginal opening until day of life 33, when they were euthanized for serum and colon collection. Results The DSS ? TNF-a ab group had lower levels of systemic interleukin (IL)-6 and a partial normalization of the timing of vaginal opening compared to the DSS ? Control ab group. There were no differences in weight gain, growth, or colon histological inflammatory scores between the DSS ? TNFa ab and DSS ? Control ab groups over the course of the experiment. Conclusions We conclude that anti-TNF-a ab treatment causes a partial normalization of pubertal timing coincident with decreased systemic inflammation in DSS colitis. These data may have implications regarding growth and bone mineralization outcomes in pediatric IBD.
Introduction
When inflammatory bowel disease (IBD) occurs prior to puberty, it frequently results in a delay in the timing of puberty [1] , contributing to poor linear growth [2] [3] [4] [5] and decreased bone mineral density [6] [7] [8] . The mechanism by which IBD contributes to delayed puberty has been postulated to result from IBD-mediated effects on the hypothalamic-pituitary-gonadal (HPG) axis [9] . In females this results in a decrease in luteinizing hormone (LH)-and follicle-stimulating hormone (FSH)-stimulated synthesis of estradiol by the ovaries. These effects of IBD on HPG axis function have been postulated to be caused by two primary mechanisms. The first of these is poor weight gain, with subsequent decrease in fat mass and decrease in levels of leptin, an adipocyte-derived hormone that is essential for the normal timing of puberty [10, 11] . The second mechanism by which IBD may affect HPG function relates to increased systemic inflammation, given the known effects of inflammatory cytokines on levels of gonadotropins [9, [12] [13] [14] . Thus far no treatments for IBD have been reported to normalize the timing of puberty.
We previously reported a model of colitis in prepubertal female mice, demonstrating that mice treated with 3% dextran sodium sulfate (DSS) exhibited a delay in vaginal opening (a validated marker of pubertal progression) beyond what was seen in a food-restricted group whose weight matched that of the DSS-treated mice [15, 16] . During the course of 10 days of worsening colitis, the DSS mice and the food-restricted group had similar food intake and-importantly-had similar levels of leptin. The major finding separating the DSS and food-restricted groups was worsening colonic and systemic inflammation, which was apparent in the DSS group by experimental day 4 and widened over the course of the experiment.
Anti-inflammatory treatment is a mainstay in IBD. One commonly used agent is infliximab, a monoclonal antibody to tumor necrosis factor (TNF)-a [17] . Infliximab treatment in humans attenuates disease severity and increases linear growth velocity [18, 19] . It is not known whether infliximab treatment affects the timing of puberty. Our goal was to use our mouse model of colitis to determine whether infliximab treatment normalizes the timing of vaginal opening and whether infliximab causes any change in the function of the HPG axis in the setting of colitis.
Materials and methods
C57BL6 mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and were housed in standard wiretop cages and fed phytoestrogen-free chow. Two females and one male of childbearing age were housed together for breeding. Pups from litters of 6-10 mice were included in these experiments. Pups were weaned at 19 days of age by being removed from the mother and placed in a cage, without males, with moistened chow for three days before starting dry food exclusively.
Starting at day-of-life (DOL) 23, female mice were divided based on starting weight into three groups: Control ? TNF-a ab, DSS ? Control ab, and DSS ? TNF-a ab. Mice in the DSS groups had 3% DSS (mol wt 36,100-45,500; TdB Consultancy, Uppsala, Sweden) placed in the water supply from DOL 23-30 before DSS treatment was discontinued and the animals were allowed to experience continued colitis from DOL 30 to 33. Mice in the Control groups received de-ionized water alone throughout the course of the experiment. All mice were given phytoestrogen-free food ad libitum throughout the experiment.
Antibody treatment was performed on DOL 27 and 31 (day 4 and day 8 of colitis treatment) via IP injection. Antibodies were generously provided by Centocor Ortho Biotech (Horsham, PA, USA). Animals were given 0.1 mg of either murine monoclonal anti-murine TNF-a or nonspecific antibody suspended in phosphate-buffered saline. Additional confirmatory experiments included administration of 0.2 mg of anti-TNF-a ab on days 4 and 8 or 0.1 mg on days 3 and 7.
Vaginal opening was determined by daily inspection using surgical loupes and recorded as the day on which the vaginal orifice transitioned from tightly closed to patent [9, 20] .
Animals were euthanized at DOL 33 via injection of standard mouse cocktail followed by cardiac puncture. In a subset of animals, gonadotropin-releasing hormone (GnRH) stimulation testing was performed, as described previously [15] . GnRH stimulation was performed using 100 mg/kg of GnRH (Bachem Americas, Torrance, CA, USA) injected s.c., with blood drawn 15 min after injection. Serum was stored at -80°until the time of testing.
At the time of euthanizing, colons were removed and fixed in Bouin's reagent prior to embedding in paraffin, sectioning, and staining. Slides from individual animals were read by a blinded examiner and scored for chronic inflammatory index [21, 22] .
Serum measurements Serum cytokines were tested in the University of Virginia Digestive Health Research Center using a Beadlyte multiplex system (Upstate Cell Signaling Solutions, Temecula, CA, USA). Serum LH and FSH measurements were tested using a Milliplex assay (Luminex, Austin, TX, USA) by the Ligand Core Laboratory of the University of Virginia Center for Research in Reproduction. Additional animals were placed through the same protocol for measurement of cytokine and gonadotropin levels.
Statistics
Statistics were calculated using GraphPad Prism (La Jolla, CA, USA) graphing and statistics software and SAS (Research Park Triangle, NC, USA). Comparisons of mean values between groups were performed using t-tests or analysis of variance (ANOVA) with Bonferroni post-test comparison of all groups, as appropriate. Kaplan-Meier curves of timing of vaginal opening were analyzed via log-rank test [23] .
Results

Growth and food intake
Daily weights for each group are shown in Fig. 1a . Mice in the DSS ? Control ab and DSS ? TNF-a ab groups had similar weights throughout the experiment. Mice in the DSS ? TNF-a ab and the DSS ? Control ab groups were significantly different from the Control ? TNF-a ab group starting at DOL 28 and 29, respectively. Daily and cumulative food intake for each group is presented in Fig. 1b , c. Again, mice in the DSS ? Control ab and DSS ? TNF-a ab groups had similar food intake to each other but ate less than the Control ? TNF-a ab group. Change in length was not different between the three groups ( Fig. 1d ). An additional comparator group of Control mice receiving Control ab (Control ? Contr ab) was not different from the Control ? TNF-a ab group in terms of daily weight, food intake, and linear growth (data not shown).
Colonic and systemic inflammation
Representative histological sections of colons from each group are shown in Fig. 2a -c. Blinded histological evaluation revealed that the DSS ? Control ab and DSS ? TNF-a ab groups had similar amounts of colonic inflammation, as assessed by the chronic inflammatory index [21, 22] (Fig. 2d) . Conversely, the Control ? TNF-a ab group had no apparent inflammation. Levels of systemic cytokines are shown in Fig. 3 . There were no differences between groups in levels of IL-1b, IL-12, and IL-10 (p [ 0.05). Mice in the DSS ? Control ab group had greater levels of IL-6 than either the Control ? TNF-a ab or DSS ? TNF-a ab groups. Mice in the DSS ? Control ab group also had higher levels of keratinocyte-derived chemokine (KC) than the Control ? TNF-a ab group, but not the DSS ? TNF-a ab group.
Timing of vaginal opening and levels of gonadotropins
The timing of vaginal opening over the course of the experiment is shown in Fig. 4 . As assessed by both log-rank test of the Kaplan-Meier curves (Fig. 4a) and average age at vaginal opening (Fig. 4b) , the DSS ? Control ab group had later timing of vaginal opening than either the Control ? TNF-a ab or DSS ? TNF-a ab groups; there was no significant difference in the timing of vaginal opening between the DSS ? TNF-a ab and Control ? TNF-a ab groups. Use of a higher dose of anti-TNFa antibody (0.2 mg) and an alternative dosing regimen (day 3 and day 7 of colitis) resulted in a similar difference in the timing of vaginal opening and failed to improve weight gain associated with the underlying colitis (data not shown). Additionally, assessment for correlations between levels of serum cytokines and age at vaginal opening failed to reveal significant associations (data not shown).
Levels of gonadotropins are shown in Fig. 5 . Compared to the DSS ? Control ab group, the DSS ? TNF-a ab group had higher LH levels after stimulation with GnRH but lower pre-stimulation FSH levels. Compared to the Control ? TNF-a ab group, the DSS ? TNF-a group was not different with respect to levels of LH or FSH (data not shown).
Discussion
We have demonstrated a partial normalization in the timing of puberty during treatment with a monoclonal antibody to TNF-a. To our knowledge, this is the first time that a treatment for IBD has resulted in a difference in pubertal timing. We had previously shown that female (and male) mice with DSS colitis had a later timing of vaginal opening (or prepuce-glans separation for males) than food-restricted mice of the same body weight [15, 16] . In those experiments, the DSS-treated mice and the food-restricted mice had similar weight gain, food intake, and levels of leptin. The major differences in mice with colitis compared to those with food restriction were in a gradual increase in levels of systemic cytokines-beginning by day 4 of DSS treatment-and an increase in colonic inflammation as judged by histological scoring. Following those experiments we concluded that an element of colitis contributed to a delayed puberty beyond what was seen following food restriction alone. The present experiment extends these findings to suggest that this element of colitis delaying puberty is lessened during treatment with anti-TNF-a antibody-a common treatment used to treat IBD in children and adults. Pubertal timing is determined by initiation of activity of the HPG axis, starting with the GnRH-secreting neurons in the hypothalamus. These neurons in turn lead to the release of LH and FSH from the pituitary, resulting in the production of estradiol and secondary sexual characteristics. While estradiol measurements in mice at pubertal age are at or below the limit of detection even in untreated controls [16] , a validated measure of puberty in female mice is the physical examination feature of vaginal opening [9, 20] , which occurred earlier in the DSS ? TNF-a ab group compared to the DSS ? Control ab mice. We were also able to test levels of gonadotropins at baseline and after stimulation with GnRH, demonstrating higher levels of LH in the DSS ? TNF-a ab group, suggesting that these mice were more primed from regular exposure to GnRH, as is seen in the progression of puberty [24] . Clearly there are multiple potential mechanisms by which anti-TNF-a treatment may serve to normalize the timing of puberty. We noted similar food intake between the DSS ? TNF-a ab group and the DSS ? Control ab group. Although differences in absorption of food may have been different between groups, it is notable that the two colitis groups had similar weight curves as well. In some ways this is surprising, given the role of inflammation in mediating anorexia associated with chronic disease [25] . The DSS ? TNF-a ab group continued their poor weight gain despite anti-inflammatory treatment.
The lack of improvement in appetite among the DSS ? TNF-a ab group may have occurred because of a lack of apparent attenuation of disease activity with treatment, as evidenced by similar histological scores between colitis groups. Humans treated with infliximab exhibit impressive attenuation of disease activity and histological findings of disease alongside decreases in systemic inflammation [17, 18] . In this way, DSS colitis likely represents an imperfect model of human disease. Although DSS administration produces histological and systemic inflammatory findings reminiscent of human disease, DSS produces these effects via chemical irritation and does not require Th2 lymphocyte activity. Past studies have suggested that blocking local or systemic inflammation does not decrease the mucosal irritation caused by the DSS polymers [26] . It is conceivable that this ulceration continued to affect appetite and food intake in the DSS ? TNF-a ab group.
It appeared that the major difference between the DSStreated groups was in systemic inflammation. As may have been anticipated, treatment with anti-TNF-a ab resulted in a decrease in systemic inflammation, regardless of the lack of effect on histological features of colitis. This was seen in differences in lower levels of IL-6 in the DSS ? TNF-a ab group relative to the DSS ? Control ab group, though both groups had higher levels of IL-6 than the Control ? TNF-a ab group. Similarly, the DSS ? Control ab group had higher levels of KC, an important cytokine in the pathogenesis of colitis [27] . A weakness of our study is that while it is presumed that there were also differences in TNF-a between groups, we were unable to test this hypothesis because the TNF-a antibody interferes with the TNF-a assay.
Peripheral inflammation is associated with a decrease in LH release [14] , potentially via an increase in the central expression of inflammatory cytokines [28] . Additionally, intracerebroventricular injection of inflammatory cytokines-including IL-6, TNF-a, and IL-1b-decreases the release of gonadotropin and sexual function [12, 13] . Although measurements of baseline and stimulated levels of gonadotropins were similar between mice in the DSS ? TNF-a ab and DSS ? control ab groups (with an increase in stimulated levels of LH), it should be noted that these levels were tested at the end of the experiment on DOL 33, when the symptoms of colitis were worst. Continued progression through puberty in the DSS ? TNF-a ab group occurred at earlier time points (DOL 28-31) when symptoms of disease were more moderate. We also noted a decrease in the levels of FSH prior to GnRH stimulation, and this is of unclear significance. Relative differences in LH and FSH are determined by the frequency of pulses of GnRH from the hypothalamus, with more rapid pulses resulting in higher LH levels and lower FSH levels [29] , though it is uncertain why such a pattern would be more common among anti-TNF-a-treated animals. Our overall interpretation of the increased responsiveness of anti-TNFa-treated mice to GnRH stimulation is that these mice were more attuned to GnRH signaling. Clearly, further experiments related to gonadotropin regulation in this setting are necessary.
Clinical parallels to this study remain to be seen. While treatment with infliximab has been shown to increase growth velocity [19, 30] and bone mineral density [31] in human subjects, no data exist regarding effects on the timing of puberty. There is reason to expect that improvements are likely to be present in clinical settings as well. In our rodent model of colitis, mice that received anti-TNF-a antibody treatment exhibited decreased systemic inflammation (and improvements in the timing of puberty) but continued to exhibit severe mucosal ulceration and body weight loss. By contrast, in human disease, infliximab treatment is associated with improved weight gain, a decrease in mucosal injury, and a decrease in systemic inflammation [18, 32, 33] . Many of these differences between our model and clinical disease are due to the source of ulceration, which is from immune-mediated action in human disease and which is thus suppressed following TNF-a inhibition [17] . Given the improvements in the intestinal mucosa and body weight, and the decrease of systemic inflammation, it is our hypothesis that the timing of puberty would be normalized in the setting of human disease as well.
In conclusion, we noted an earlier timing of puberty among mice with DSS colitis treated with a monoclonal antibody to TNF-a. Although treatment did not improve weight gain or the histological score, the decrease in systemic inflammation was associated with an increase in HPG activity. Given the importance of puberty for bone mineralization and the importance of the pubertal growth spurt, these data may bear some implications for other important outcome measures for pediatric IBD, though further research is necessary.
Ethical considerations
These experiments were approved by the Animal Care and Use Committee at the University of Virginia.
